Ehrlich Ascites Tumor Cells, Oligomycin, Energy M etabolism, Cell Cycle Progression 1. In order to elucidate the significance of oxidative ATP production for the proliferation of Ehrlich ascites tum or cells, cell cycle progression, energy m etabolism and m acromolecular synthesis in the presence of oligomycin were studied.
G row th and proliferation o f m ost norm al and m alignant anim al cells require the presence o f oxygen [1] [2] [3] [4] [5] [6] [7] . T his oxygen dependence o f cell cycle progression o f anim al cells is not well understood. As we have show n in previous experim ents, in vitro grown Ehrlich ascites tu m o r cells accum ulate in the late G l phase under exclusion o f oxygen and do not enter the S-com partm ent [5] . An im m ed ia te decrease o f D N A synthesis as m easured by in c o rp o ratio n o f
[ 14C]thym idine is observed [4, 8] ; replicon in itiatio n o f D N A synthesis o f the cells is rap id ly b u t reversibly inhibited [9] . T he biochem ical m echanism s underlying this arrest o f proliferatio n o f the cells after deprivation o f oxygen are com plex. It is frequently assum ed th at the m ost im p o rta n t b io chem ical event o f exclusion o f oxygen is the in h ib i tion o f oxidative A T P-production. H ow ever, oxygen deficiency not only interferes w ith the energy m e ta 
Cells and growth techniques
H yperdiploid Ehrlich ascites tu m o r cells, strain Karzel, were serially grown in the peritoneal cavity o f fem ale N M R I mice; cells for explantation to cul tures in vitro w ere usually w ithdraw n from m ice inoculated 5 days previously and transferred to m odified Eagle's m ediu m [12] supplem ented w ith 15% horse serum , 25 mg/1 streptom ycinsulfat, 575 mg/1 m icrocillin to o b ta in a suspension o f 6 -7 x 107 cells/100 ml cu ltu re m edium ; the nutrients o f the m edium w ere sufficient for a 24 h culture period; for further details see K arzel and Schm id [13] . N o cell grow th was observed on glass surfaces using culture flasks cleaned by treatm en t w ith a m ixture o f concentrated H 2S 0 4 and H N 0 3 (3:1). G row th was estim ated by counting o f cells in a hem ocytom eter or by tu rb id ity m easurem ents. Viability o f cells was assessed by dye exclusion test w ith 0. 1% nigrosin [14] .
A fter 15 h cultivation at 37° under standard conditions (first passage in vitro) the cells were separated by centrifugation (500 x g, 2 m in) and transferred to fresh culture m edium . T he inoculum density was 3. [17] [18] [19] .
Electron microscopy
A bout 107 cells w ere sep arated by cen trifu g atio n in H ank's solution; the pellet was susp en d ed for 30 m in at 37 °C in the fixation m ix tu re co n taining 2.5% glutaraldehyd, 1.2% p arafo rm ald eh y d , 0.05% picric acid, 0.075 M sodium cacodylate, pH 7.3. Cells were kept at 4 °C overnight, w ashed, postfixed with 2% 0 s0 4 for 60 m in at room tem p eratu re , dehydrated in an alcohol series and em b ed d ed in Epon. Sections w ere cut on an LKB u ltram icro to m e and double stained w ith uranyl m agnesium acetate and lead citrate. Electron m icro g rap h s w ere tak en with a Zeiss EM 9 m icroscope at 80 KV.
Measurement o f metabolic parameters
L-Lactate prod u ctio n o f the cells was assayed as described by H ohorst [20] , glucose consum ption was m easured w ith the glucose o x id a se/p erid test from Boehringer (M annheim ); respiration was d eterm ined am perom etrically w ith a C lark electrode [21] . T he increase in protein content o f cell cultures was estim ated in aliquots o f 1 ml, em ploying the F olin m ethod [22] 
Determination o f A T P and AD P
ATP and A D P levels o f the cells w ere assayed by applying the luciferin /lu ciferase system [24] using a Biolum inat 9500 (B ertholt). 0.1 ml cell suspension was added to 0.9 ml o f redistilled w ater at 95° and heated for 3 m in in a boiling w ater bath. A TP was Fig. 4B . R N A -synthesis seem s to be rapidly and pow erful im p aired by oligom ycin. This is in accordance w ith results from P achenko [25] and Stellestkaya [26] , w ho have show n th a t oligom ycin is a strong in h ib ito r o f th e r-R N Asynthesis b ut has no d irect effect on R N A -polym erase activity. A close correlation betw een cell grow th and p ro tein synthesis was found in in co rp o ratio n ex p eri ments with [ l4C]lysine. Incorporation o f rad io a ctiv ity from [l4C]lysine into the acid insoluble p rec ip i tate slows dow n continuously on trea tm e n t o f th e cells w ith oligom ycin (Fig. 4C ) . T he tran sp o rt o f a-am inoisobutyric acid was n ot significantly affected by the in h ib ito r (d ata n ot show n). An inhibition o f the u p tak e o f th e am in o acid in the presence o f oligom ycin was observed by H em pling [27] , however, w ith nongrow ing cells in b u ffe r solu tion. 
Energy m etabolism
Inhibition of oxidative ATP production by oligo mycin causes an increase o f lactate production by about 35% (Controls 0.744 (imol/106 cells x h, oligo mycin treated cells 0.992 jim ol/106 cells x h means over a period of 24 h). Under the same conditions the glucose consumption o f the controls within 24 h was found to be 0.545 |imol/106 cells x h, in the presence of oligomycin it was 0.673 |imol/106 cells x h, that is about 136% of the controls.
At oligomycin concentrations o f 5 (ig/ml a m axi mal reduction of oxygen consumption o f the cells of about 40% was observed; this inhibition of respira tion could not be significantly enhanced by higher concentrations (see Fig. 5 ). Since oligomycin easily passes the plasma membrane o f m am m alian cells [28] and complete inhibition o f the F r ATPase of isolated mitochondria was obtained with 2 -5 (ig/ml of the inhibitor [10] , it is suggested that in the presence of 20 |ig/ml no ATP is synthesized via oxi dative phosphorylation. This is confirmed by ex periments with glucose free cultures (see below). Between 4-20 h the oxygen uptake of the control cells was 216 ± 15 nmol 0 2/106 cells x h; it was reduced maximally to 120 ± 9 nm ol/106 cells x h. The oxygen consumption o f controls and of cells in the presence of the inhibitor over a period o f 24 h is summarized in Table I . In contrast to uncouplers of oxidative phosphorylation like D N P , which stim u lates respiration, inhibition o f ATP synthesis by oligomycin reduces the oxygen consumption. The remaining respiration first of all sustains ATP inde pendent transport processes across the m itochon drial membrane.
ATP-and ADP-levels o f controls and o f oligo mycin treated cells are also depicted in Table I . 12 h after starting the experiments no differences be tween the ATP content o f controls and oligomycin treated cells could be observed. Since chemical energy is always a matter of concentration ratios, a more reliable parameter of the energetic status is the ATP/ADP ratio (see Table I ). Between 4 and 24 h an average ratio of about 4.84 ± 1.3 was found in the absence and presence o f oligomycin. The impairment of proliferation activity o f the cells by oligomycin seems therefore not to be a consequence of a general lack o f energy; other mechanisms must be taken into consideration.
Proliferation activity of the cells in oligomycin containing, glucose deprived m edium is illustrated in glucose deprived medium ■---■; in glucose deprived medium + oligomycin ▲--▲.
in Fig. 6 . 4 h after starting the experiment cell number begins to slow down and 20 h later a decrease of cells of about 75% was measured; most of these cells had lost their viability as a result of complete blockade of energy metabolism.
Electron m icroscopic studies
Electron microscopic photographs of cells treated with 20 (ig/ml oligomycin show a high am plitude swelling of all mitochondria with a translucent appearance of the inner compartment, however, the mitochondrial membranes remain completely intact; even after treatment with oligomycin for 24 h no damage could be observed Fig. 7 . The enlarged mitochondrial profiles could result not only from swelling but also from fusion o f individual m ito chondria as described for other inhibitors o f m ito chondrial functions [29] .
Concluding remarks
In the present experiments we have investigated the role of oxidative ATP synthesis for a regular cell cycle progression of in vitro grown Ehrlich ascites tumor cells using oligomycin as a tool to block oxidative phosphorylation. Oligom ycin specifically inhibits proton-transport into m itochondria [11] , which is coupled to the synthesis of ATP. In contrast to uncouplers o f oxidative phosphorylation like DNP, which dissipates the proton gradient, in the presence of oligomycin a high electro chemical potential is built up across the m ito chondrial membrane, which prevents the exchange of ATPext against A D P int [30] . ATP independent transport processes between cytosol and m itochon drial matrix are however maintained by the high chemi-osmotic potential across the membrane. The oxygen consumption of the cells reveals the bulk of energy required for these processes in the presence of oligomycin. The im pairm ent of energy supply o f intramitochondrial ATP dependent processes for the growth and metabolism of the cells seems to be most important.
O f particular interest is the inhibition by oligo mycin of cell cycle progression and accumulation of the cells in the early S-phase. Since the A T P /A D P ratio is not severely affected and oligomycin hasas far as we known -no other effects on cellular metabolism than inhibition of oxidative phospho rylation (only a hundredfold o f the concentration chosen in the present experiments causes inhibition of N a+ . K + -ATPase o f the plasma membrane [31. 32] ) we suggest, that im pairm ent o f m itochon drial macromolecular synthesis as a result of lack of energy supply is the m ain reason for the arrest of cell growth. First of all we think o f protein syn thesis, because it was recently shown [33] that ATP synthesized via oxidative phosphorylation, not G T P synthesized from substrate phosphorylation, limits the rate of mitochondrial protein synthesis. The significance of mitochondrial protein synthesis for regular cell cycle progression can be tested by applying a specific inhibitor of mitochondrial pro tein synthesis e.g. chloramphenicol, which is pre sently under investigation.
From our experiments we may further conclude that cells which are in the S-and G 2-compartment at the beginning of cultivation in the presence of oligomycin divide and are responsible for the in crease of cell number in the first 24 h. The transition from S -> G 2 and mitosis obviously do not depend on the ATP from respiratory chain.
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